This study aimed to assess norovirus (NoV) contamination and genotype diversity in surface water in Gauteng, South Africa. Between January 2008 and December 2010, three rivers, namely Klip, Suikerbosrant, and Rietspruit were monitored for NoV genogroup (G)I and GII. Viruses were recovered using the glass wool adsorption-elution technique and detected by real-time reverse transcription-polymerase chain reaction. From 2008 to 2010, NoVs were detected in 66% (70/106) of Klip river samples. The Rietspruit and Suikerbosrant rivers were contaminated with NoV in 95 % (20/21) and 21 % (5/24) of samples, respectively. NoV-positive samples comprised of 33 % GI, 29% GII and 38 % of both GI and GII strains. Based on partial capsid gene analysis (region C), 16 NoV genotypes (6 GI, 10 GII) were identified. The major genotypes detected were GI.4, GI.5 and GII.4. These rivers could be a potential source of NoV infection for communities using the water for domestic or recreational purposes.
INTRODUCTION
Noroviruses (NoVs), characterized by high genetic and antigenic diversity, are important human pathogens that cause acute gastroenteritis [1] . These small, non-enveloped viruses have a positive-sense, singlestranded RNA genome, organized into three open reading frames (ORFs). ORF1 encodes a polyprotein that is processed in infected cells to produce several non-structural proteins, e.g. RNA polymerase. ORF2 encodes the major capsid protein (VP1) and a minor structural protein (VP2) is encoded by ORF3 [1] . NoVs are divided into five genogroups (G) based on phylogenetic analysis of the capsid protein [2] . NoVs GI, GII and GIV infect humans and GI and GII have been associated with epidemic [3] as well as sporadic gastroenteritis in all age groups [4] . In the last decade GII.4 strains have caused the majority of NoV outbreaks. Novel variants of GII.4 viruses appear to emerge almost annually, and some variants spread globally and replace previously dominant GII.4 strains [5] .
NoVs are characterized by high environmental stability and a very low infectious dose [6] . Accordingly, NoVs are frequently implicated in foodborne and waterborne gastroenteritis outbreaks [7] . Outbreaks of gastrointestinal disease caused by NoV in South Africa (SA) were first described in 1993 [8] . A seroprevalence survey indicated widespread exposure to NoVs in a large portion of the population [9] . More recently a study in Gauteng province, SA indicated that after rotavirus (24 % prevalence), NoV was the most frequently detected viral pathogen in paediatric patients (14 % prevalence) hospitalized with viral gastroenteritis [10] . In spite of the evident importance of NoV infections, NoVs are not routinely tested for in diagnostic laboratories and NoV infections are probably underreported. The rapid evolution and global spread of NoV strains has been the subject of intense study in the past decade. However, very limited sequence data is available on the NoV strains currently circulating in SA and the African continent ; therefore, it is important to characterize NoVs from this region.
In addition to the analysis of clinical specimens, the detection and characterization of viruses in the environment is an effective approach to gain insight into the enteric viruses circulating in a given population [11] . The presence and diversity of NoVs in surface water has been described in Asia [12, 13] , Europe [14] and South America [15, 16] . However, no investigations have addressed the occurrence and molecular epidemiology of NoVs in surface water, or other water sources, in SA.
The Klip, Suikerbosrant and Rietspruit rivers in Gauteng province, are tributaries of the Vaal river which forms part of one of the largest river systems in SA. The aim of this study was to monitor these three rivers for the presence of NoV GI and GII, to genotype the detected NoVs and to establish which strains are circulating in the Gauteng population. These data will provide new sequence information for NoV strains occurring in SA, as well as information regarding the infectious potential of the river water for communities using the water for domestic, agricultural or recreational purposes.
METHODS

Water sampling and virus concentration
From January 2008 to December 2010, water samples were collected from the same sampling sites from three rivers in Gauteng, SA ( Fig. 1 ). Samples (10 l) from the Klip river (106) were collected weekly in 2008 and 2009 and twice a month in 2010, except when technical difficulties arose. The Suikerbosrant river (24 samples) and the Rietspruit river (21 samples), were sampled less frequently over the 3-year period. The Klip river flows through the southern part of greater Johannesburg, specifically the Soweto area which has an estimated population of >2 million and includes informal settlements. The Rietspruit river is situated in a region with smaller towns and the Suikerbosrant river originates in a nature reserve and then flows through human settlements. Samples were collected at a depth of 25 cm below the surface of the river and transported to the laboratory in cooler bags with cold packs. The temperature and pH were recorded upon arrival. Viruses were recovered from the 10-l samples using a modification of the glass wool adsorption-elution method developed by Vilagine`s and co-workers [17] . The preparation of the glass wool column was modified as follows : 15 g glass wool was used per column and a steel gauze grid (pore size=1 mm 2 , 30 mm diameter) was inserted between each of the three 5-g portions of glass wool. The viruses in the eluate (100 ml) were concentrated to a final volume of 20 ml in phosphatebuffered saline (pH 7 . 4) (PBS ; Sigma-Aldrich Co., USA) by polyethylene glycol/sodium chloride precipitation [18] . The average recovery efficiency of NoVs from turbid water using this method was <1% (V. Ruhanya, unpublished data). 
Thermotolerant coliform determination
The thermotolerant (faecal) coliform count [colonyforming units (c.f.u.)/100 ml] in the water samples was determined using the membrane filtration technique and m-FC agar (Difco TM , Becton Dickinson and Company, USA) with incubation at 44 . 5 xC for 18-24 h [19] .
Virus isolation
Using conventional cell culture techniques, monolayers of the human hepatoma cell line PLC/PRF/5 (ECACC 85061113) and the BGM African Green Monkey cell line (ECACC 90092601) in 25-cm 2 cell culture flasks were infected with 1 ml of antibioticand antimycotic-treated virus concentrates [20] . After a 14-day incubation period, which included a blind passage at day 7 post-infection, the infected cells were harvested for molecular analysis for human adenoviruses [21] and enteroviruses [20] , as well as for blind passage onto monolayers of Vero African Green Monkey cell line (ECACC 84113001) in cell culture tubes with flying coverslips. After a further incubation of 7 days at 37 xC, the infected cell cultures were examined for cytopathic effects, stained with haematoxylin and eosin and examined for virusspecific inclusion bodies [22] .
Nucleic acid extraction and detection
Total nucleic acid was extracted from the virus concentrate (1 ml) with the MagNA Pure LC Total Nucleic Acid Isolation kit (large volume) (Roche Diagnostics, Germany) in a robotic MagNA Pure LC instrument (Roche Diagnostics). Nucleic acids were eluted in 100 ml and stored at x70 xC until use.
Published primer sets and Taqman probes ( Table 1 ) were used for the detection of NoV GI [23, 24] and NoV GII [25, 26] . For NoV GI, cDNA (20 ml) was prepared from 10 ml total RNA with random primers using the Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics). Five microlitres of cDNA was subsequently used for virus-specific amplification and detection with the LightCycler TaqMan Master mix (Roche Diagnostics). NoV GII was detected with a one-step real-time reverse transcription-polymerase chain reaction (RT-PCR) assay (5 ml RNA, QuantiTect Probe RT-PCR kit ; Qiagen Inc., USA). The two-step real-time RT-PCR was used for NoV GI as this was found to be more sensitive than a onestep assay. A positive control (viral nucleic acid extracted from a characterized clinical strain) and negative control (nuclease-free water: Promega Corp., USA) were included for all real-time RT-PCR reactions. Samples with cycle threshold (Ct) values >40 were considered negative. The detection limit for the GI and GII detection assays was determined using plasmid DNA standards (CeeramTools 1 , Ceeram S.A.S, France) and was found to be 170 and 150 cDNA copies/reaction, respectively.
RT-PCR inhibition control
All NoV-negative samples were re-tested at a 1/10 dilution of the RNA in nuclease-free water to ensure that the assay was not inhibited by compounds present in the water samples. Samples that still tested negative with diluted RNA were spiked with y5r10 3 copies of NoV GI or NoV GII RNA transcripts. The Ct value obtained in the RT-PCR on nuclease-free water spiked with the same number of gene copies was compared to that obtained in the spiked water samples. Since intra-assay variation was <1 Ct value, any reaction exhibiting a shift of >1 Ct value was considered to show levels of inhibition.
Genotyping and phylogenetic analysis
For characterization, a highly conserved region at the 5k-end of the NoV capsid gene (region C) was amplified and sequenced. cDNA was prepared as described for the detection of NoV GI. Samples collected in 2008 and 2009 were typed as follows : conventional PCR was performed with published primers G1SKF, G1SKR, G2SKF and G2SKR (Table 1) [27] and AmpliTaq Gold (Applied Biosystems, USA) according to the manufacturer's recommendations. If no PCR product was obtained after one PCR reaction, a second round PCR was performed using the same primers with 1 ml of the first PCR reaction as template. In order to reduce non-specific amplification, a semi-nested PCR was introduced to type samples collected in 2010. First-round PCR was performed with primers QNIF4/G1SKR or QNIF2/G2SKR and second-round PCR with primers G1SKF/ G1SKR or G2SKF/G2SKR (Table 1) . PCR products were cloned using the ClonJET TM PCR cloning kit (Fermentas, Canada) and 10 randomly selected clones were sequenced using pJet1.2/blunt specific primers and the ABI PRISM BigDye 1 Terminator v. 3.1 Cycle Sequencing kit on an ABI 3130 automated analyser (Applied Biosystems, USA).
Nucleotide sequences were analysed as described previously [10] . A representative sequence of each set of clones was used for phylogenetic analyses. The 5k-end of the capsid gene (285 bp for GI and 273 bp for GII) of the NoV strains was aligned with reference sequences from genogroups I and II using MAFFT version 6 (https://align.bmr.kyushu-u.ac.jp/ mafft/online/server/). After manual adjustment of the alignment, phylogenetic analysis was performed with MEGA4 using the neighbour-joining method [28] . The evolutionary distances were computed using the maximum composite likelihood method [29] . Genotypes were assigned based on the clustering in the phylogenetic tree (>70 % bootstrap support). Genotype assignment was confirmed by analysis of all sequences with the NoV Genotyping Tool [30] (http://www.rivm.nl/mpf/norovirus/typingtool).
Nucleotide sequence accession numbers
The nucleotide sequences determined in this investigation have been deposited in GenBank under accession numbers HQ201641-HQ201679 and JN191355-JN191381.
Statistical analyses
Statistical analyses were performed using simple interactive statistical analysis (SISA) [31] , and associations were considered significant at the 95 % confidence level. The t test was used to determine the significance of differences between genogroup proportions. Two-by-two table analysis was used to determine association between the presence of NoVs and thermotolerant coliform counts. Table 2 ). The proportions were compared using the t test and samples that contained both genogroups were included. NoVs, detected in the Klip river in at least 7 months of each year, showed no seasonal pattern over the 3-year period (Fig. 2) . Thermotolerant coliform counts frequently exceeded recommended levels for water used for recreational purposes (>2000 c.f.u./100 ml) [32] , showed sharp increases at sporadic intervals during the year and reached levels of 84 000 c.f.u./100 ml in 
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Dec. Although the difference between the means was not statistically significant, genotyping viruses detected in the Rietspruit river was more successful.
Overall, 62 . 9 % (95/151) of the water samples screened in this study were positive for NoV. Fifteen of the 95 NoV-positive samples (3 GI, 12 GII) were detected only when diluted target nucleic acid was tested. To confirm whether the remaining NoV-negative samples were true negatives, the samples were spiked with NoV GI or GII RNA transcripts and the Ct values obtained were compared to that of nucleasefree water spiked with the same number of RNA copies. Partial inhibition (0 . 5-5 Ct value shift) was observed in 29% and 72% of the NoV GI-and Nov GII-negative samples, respectively, and total RT-PCR inhibition was observed in 3 . 6 % of the samples.
NoV genotypes detected in the Klip and Rietspruit rivers
Out of 95 NoV-positive samples, 40 could be amplified successfully for nucleotide sequencing and genotyping based on region C of the capsid gene. The typing efficiency varied from site to site, 38 Phylogenetic analysis of the NoV GI reference strains and virus strains detected in the Klip and Rietspruit rivers from 2008 to 2010 are shown in Figure 3 . The following strains were detected : GI.1 (Norwalk), GI.2, GI.3, GI.4, GI.5 and GI.8. No single GI genotype dominated during 2008. In 2009, more than 60% of the typed viruses were GI.5 (Fig. 3 ) and genotypes GI.1, GI.2, and GI.4 were also identified. In 2010, the genotype distribution changed again with GI.4 (50 %) and GI.3 (33 %) detected most commonly. The comparison of the GII virus strains with reference strain sequences is depicted in Figure 4 . In 2008, GII.6 (29 %), GII.4 (24 %) and GII.13 (18 %) viruses were detected most frequently. BLAST analysis of the GII.6 strains showed that they are most similar to strains identified in Mexico in 2007 and in Japan in 2008. These GII.6 viruses were also 98-100% identical (over 273 nucleotides) to GII.6 strains identified in clinical specimens from paediatric patients in Gauteng [10] . Several other genotypes were also found (Fig. 4) . In 2009, GII.3, GII.7, GII.12 and GII.17 were identified in single samples. In 2010 the majority of strains that could be typed belonged to GII.4 (7/15). GII.2 was detected in three samples of which two were closely related to a GII.2 strain detected in water in SA in 2008 (present study) and a strain identified in Japan in 2008. The other GII.2 virus (2010-09-13-R2) grouped with a more recently (2009) identified strain from Russia. Of the GII.4 strains, only one could be assigned a variant type based on this phylogenetic tree. Strain 2010-03-29-R was classified as GII.4 2010 as it was identical to the reference GII.4 2010 strain (GenBank ID : GU445325) over 273 nucleotides. The other GII.4 strains all clustered with the 2006a lineage of GII.4 variants, but could not be assigned variant types due to insignificant bootstrap support.
DISCUSSION
This investigation demonstrated a high diversity of
NoVs in three rivers in Gauteng, SA. These data provided new insight into the variety of NoV genotypes co-circulating in this community and the high degree of environmental NoV pollution. In these three rivers the thermotolerant coliform counts frequently exceeded quality limits for drinking water (0 c.f.u./100 ml) [33] , irrigation water (<1000 c.f.u./ 100 ml) [34] and water used for recreational purposes (<2000 c.f.u./100 ml) [32] . NoVs were also detected in water samples that conformed to quality guidelines for thermotolerant coliforms for water used for irrigation (63 %) and recreational (64 %) purposes. These findings are of potential public health concern, since the river water is used for domestic purposes in informal settlements and for irrigation of fresh produce which is often eaten raw or minimally processed [35] .
In addition, the rivers feed into the Vaal Barrage which is used for many recreational activities [35] .
Treated sewage effluent is discharged into the Klip river system from sewage treatment plants servicing the city of Johannesburg. The effluent is generally of good quality ; however, occasionally the performance of the treatment works can be affected by excessive storm water loads and problems with ageing infrastructure [36] . Run-off from informal settlements with inadequate or no sanitation also contributes to the pollution of the rivers. The most contaminated site in the study, the Rietspruit river, is most likely impacted by upstream dysfunctional municipal wastewater treatment works.
No seasonal pattern was observed over the 3-year period which is in contrast with environmental NoV surveys in Japan, where a higher occurrence of NoVs was observed in the winter/spring season [12] . There is evidence that NoV epidemics tend to occur in the colder months in the northern hemisphere and in the warmer months in the southern hemisphere [3] . There is little information on the seasonality of NoV outbreaks in the clinical setting in SA. In a 1-year study on sporadic paediatric gastroenteritis in the hospital setting in the northern region of Gauteng, NoV infections were observed throughout the year with an increase in the summer months [10] . Factors that may have masked a seasonal pattern include the relatively low efficiency of the recovery procedure, the presence of inhibitors in water samples and bias introduced by interruptions in the sampling schedule. The difference in sampling schedules between the three rivers is a shortcoming of this study, as more targeted and consistent sampling might have revealed seasonal fluctuations. The efficiency of recovery (<1 %) is low compared to previously reported values of between 7 % (well water) and 60 % (tap water) [37] . The high levels of turbidity in the water sources in this investigation could have resulted in a lower efficiency of recovery. Taking into account possible RT-PCR inhibition and the low recovery efficiency, it is likely that the overall NoV positive rate of 62 . 9 % is an underestimation.
The majority of NoV infections in the clinical setting are caused by NoV GII, particularly GII.4 strains [38] . In this and other studies [13, 23] , GI strains were detected at similar frequencies to GII strains in the environment. This indicates that GI viruses might be as prevalent in the population as GII strains but may cause less severe disease or asymptomatic infection. In agreement with a study in Singapore [39] , the GII.4 strain (11/66) was the dominant GII strain found in this investigation. The GII.4 2010 variant (2010-03-29-R) identified in this study was 99-100% identical, over 282 nucleotides, to NoV strains identified in Australia (GQ845367), France (GQ246793), Japan (AB541322), Korea (GU390902) and Singapore (HM209210) during 2008, as well as strains detected in Hong Kong (HM191767), India (AB539162) and the USA (GU445325) during 2009 and Japan (AB555587) and Russia (HQ003284) in 2010. This shows the global distribution of this GII.4 variant. In addition, strain 2010-03-29-R was 99 % identical, in 282 bp of the 5k-end of the capsid gene, to GII.4 strains (e.g. HQ08055) detected in clinical specimens from paediatric patients in the Gauteng province [10] . The other ten GII.4 strains identified in the water samples could not be assigned to a variant group with the nucleotide sequence data available. Sequence analysis of the fulllength capsid gene would increase the phylogenetic signal and would allow more accurate variant assignment [30] ; however, it is often problematical to amplify the entire capsid gene from environmental NoVs.
The unassigned variants form a separate cluster, with significant bootstrap support, with the 2006a, 2008 and 2010 variants. BLAST analysis of strain 08-05-19-K2 indicated 98 % sequence identity with NoVs detected in 2003 in The Netherlands (AB303930), in 2005 in Russia (FJ383862) and in 2006 in Belgium (EU794859) and Sweden (EU007808), suggesting that this is a f2006 GII.4 variant. Another GII.4 strain (08-09-01-K) displayed 99 % nucleotide sequence identity with a virus identified in Australia (GQ845367.1) during 2008. Therefore, this is likely to be a more recent GII.4 variant.
In 2009, GI.5 was most often identified followed by GI.1 and GI.4. The majority (9/10) of GI.5 strains showed between 94 % and 99% sequence identity with strains isolated from Russia and Mexico and one GI.5 strain showed 96% nucleotide identity with a virus detected in Singapore. These results emphasize the wide geographical distribution of similar NoV genotypes. Interestingly, the GII.12 strain (2007-07-27-K) detected in a single Klip river sample in 2009 was 98 % identical over 273 residues to the GII.12 strain that caused 16 % of all reported NoV gastroenteritis outbreaks in the USA in the 2009-2010 season [40] . In 2010, GI.4 was the predominant genotype identified followed by GI.3. In a study in Spain from 2007 to 2009, GI.4 was one of the most abundant genotypes identified in sewage and river water [41] . Furthermore, GI.4 has been associated with foodborne NoV outbreaks [38] . These findings might reflect better survival of GI.4 in the environment compared to other NoV strains [38] . Genotypes I.2 and I.8 were detected at low frequency in environmental samples in this study ; however, these strains exhibited 98 % and 99 % sequence identity, respectively, to clinical NoV isolates from Gauteng [10] .
Even though NoVs could only be genotyped in 41 % of positive samples, the observed genetic diversity (16 genotypes) is comparable to that found in Japan (16 genotypes) [12] , Korea (15 genotypes) [13] and Singapore (16 genotypes) [39] . Low viral titres in the water samples as well as sequence variation between the regions used for detection and genotyping might account for the inability to amplify the 5k-end of the capsid gene of some viruses. Up to five different genotypes were found to occur within the time-frame of 1 month (March 2010), underlining the diversity of strains co-circulating in the community. Overall, the results suggest that the rivers are contaminated with clinically relevant strains (GI.2, GI.8, GII.1, GII.4, GII.6, GII.12, GII.13) [10, 38] .
Although the real-time RT-PCR method used to detect NoVs in this study does not give any indication of virus infectivity, it is likely that contact with, or ingestion of, contaminated river water could pose a potential health risk as other cytopathogenic and, therefore, potentially infectious viruses were detected in 38% of NoV-positive samples. Given the high prevalence of HIV/AIDS in SA and the consequent vulnerability of a large proportion of the population, domestic or recreational exposure to contaminated river water could pose a serious public health threat [42] . The results from this study provide the first NoV sequence data from environmental samples in Sub-Saharan Africa and reveal that at least 16 NoV genotypes are actively circulating in SA. The majority of these NoV strains are also circulating on other continents in the same time-frame. A variety of recent GII.4 variants are present in the environment and the large contribution of GII.4 viruses to NoV disease is reflected in their predominance in the environment. Further investigations in the clinical setting and the environment are warranted to fully understand the epidemiology and impact of NoV in SA.
